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ABSTRACT

Radar, satellite, and rain-gage data are used qualitatively
and quantitatively to describe the precipitation morphology for
10 days (June 21 to 30, 1969) of Period III of the Barbados Oceano-
graphic and Meteorological Experiment (BOMEX). Typical satellite
and radar photographs are presented to illustrate cloud patterns
and precipitation echoes for both "undisturbed" and "disturbed"
weather. Undisturbed conditions are shown to prevail for 5 con-
secutive days and moderately disturbed conditions for 2 days.

Procedures for calibrating and optimizing the use of the
quantitative radar data are discussed. Satellite cloud data are
used to extrapolate the rainfall estimates to areas not covered
by radar. The quantitative rainfall computations gave average
rainfall rates over the BOMEX square (250,000 km2) of 0;35 mm/ day
and 3.7 mm/day for the 5-day undisturbed and 2-day digturbed
periods, respectively. Based on the results from ang error analysis
and on independent comparisons against atmospheric water budget
analyses, it is concluded that the magnitudes of the errors
accompanying the precipitation estimates for both periods probably
are small compared with either the total precipitation or evaporation.

The spatial distributions of intensity in the BOMEX echoes are
highly nonlinear, and the total echo area is shown to depend on
the technical characteristics of the radar hardware. These findings
stress the importance of careful experimental design for the radar
and satellite programs of future tropical oceanic experiments.

iv




PRECIPITATION ANALYSIS FOR BOMEX PERIOD IIT

M.D. Hudlow and W.D. Scherer
Center for Experiment Design and Data Analysis
Environmental Data Service
National Oceanic and Atmospheric Administration
Washington, D.C. 20235

1. INTRODUCTION

The "Core Experiment" of the Barbados Oceanographic and Meteorological
Experiment (BOMEX) was designed for study of sea-air interactions through
determination of the heat, momentum, and water budgets. During the field
operations conducted in the summer of 1969, atmospheric sampling was concen-
trated within a 500-km x 500~km x 500-mb "box" east of the island of Barbados.
Ocean salinity and temperature were measured routinely to a depth of 1,000 m.

For budget studies, a knowledge of the type and quantity of clouds and
precipitation within the experimental volume is needed, Surface-based and
airborne radars, shipboard rain gages, and infrared and visible sensors
carried on satellites provided data for evaluating the precipitation term

in the budget equations. These equations have been formulated by Rasmusson
(1971).

To meet the objectives of the Core Experiment, primary emphasis was
placed on the first three BOMEX Observations Periods (May 3 to 15, May 24 to
June 10, and June 19 to July 2, 1969). The precipitation analysis for Period
IIT presented here extends from June 21 to June 30, 1969. The precipitation
morphology is described, and time and space distributions of cloud and echo
cover and precipitation estimates for periods as short as 6 hr are presented.

Various other aspects of the Core Experiment and results of continuing
analyses of BOMEX data have been discussed by Holland (1970, 1972a and b)
and Holland and Rasmusson (1973). TFor an overall description of BOMEX,
including sensors used and experiments carried out by individual investigators,
the reader is referred to BOMEX Field Observaticns and Basic Data Inventory
(BOMAP Office, 1971).

2. MEANS OF DATA COLLECTION

Land-based, shipbeoard, and airborne radar observations were used to
document precipitation echoes. Location of the two surface radars and the
flight track for the aircraft radar photography are shown in figure 1. Both
visible and infrared satellite data augmented the radar coverage. Sources
of other supplementary data wetre rain gages mounted on each of the five
BOMEX fixed ships——four stationed at the cormers of the BOMEX square and one
in the center-—and a rain-gage network on Barbados.




2.1 Surface Radars and Digitization of Radar Data

The primary quantitative data for the southern half of the BOMEX box
were obtained with a U.8. Army MPS-34 radar stationed on the island of
Barbados and a METEOR-200 radar aboard the NOAA ship Discoverer, located
at the southeastern corner of the BOMEX square. Characteristics of these
two X-band radars are listed in table 1.

The METEOR-200 basic equipment is similar to the MPS-34 radar, which
has been described by Hudlow (1970a). The antenna and pedestal unit were
mounted on a gyro—-stabilized platform that compensated for the ship's roll
up to * 25° and pitch up to £ 10°. '"Gain-stepping” of the radar receiver
and scope photography were used in recording storm intensities with both
radar sets,

- To permit quantitative analyses by computer, the photographic data
obtained by the island and Discoverer radars during BOMEX Periods II and III
were digitized with a coordinate digitizer. Additional information on the
procedures used and a detailed inventory of these data are given in NOAA
Technical Report EDS 12 (Center for Experiment Design and Data Analysis,
1975).
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Figure 1.-~Positions of surface-based radars and radar
atreraft flight track used during BOMEX.




Table 1.--Characteristics of, the MP5-34 and METEOR-200 radars (long pulse)

Nominal value

Characteristics
MPS-34 METEOR-200

Transmitted power (peak) 180 kW 175 kW

Wavelength 3.2 cm 3.2 cm

Antenna shape Parabolic Parabelic

Horizontal and wvertical .

beam widths 1° 1.25°

Minimum detectable signal 105 dBm -97 dBm
Pulse repetition frequency 180 pps 240 pps

Pulse width 5x 107 s 3x100 s

2.2 Airbornée Radars

A U.S. Air Force WB—47 aircraft equipped with an APS~64 radar collected
radar photographs once daily along the flight path shown in figurxe 1 at an
altitude of about 9 km. The APS-64 is an X-band system with 3.5° horizontal
and 5° vertical beam widths. Mosaics of radar photographs obtained with this
radar have been prepared for several days during BOMEX Period III as a quali-
tative means for identifying precipitation areas. Examples of this type of
presentation are given in BOMEX Period III Radar~Satellite Atlas (Scherer and
Hudlow, 1975). As an additional aid, radar films obtained by NOAA's Research
Flight Facility aircraft were scanned on microfilm.

2.3 Satellite Measurements

Infrared data from the Nimbus-3 satellite and visible data from the
Applications Technology Satellite 3 (ATS—~3) provided supplementary coverage
of the area included in the precipitation analysis. Nimbus-3 high resolution
infrared (HRIR) data were obtained once a day at approximately local midnight.
Three gridded and enlarged ATS-3 photographs were available fox each day--
shortly after sunup, around midday, and close to sundown. Located above
- a subsatellite point near the BOMEX area, ATS-3 provided a spatial resolu-
tion of about 4 km at the subsatellite point.

The ground resolution at a subsatellite point for the Nimbus-3 HRIR
radiometer scanning system is approximately 8.5 km (Sabatini, Ed., Nimbus ILI
User's Guide). The gridding accuracy of both the visible and infrared prod-
ucts used in this study is believed to lie within about 45 km.

2.4 Rain-Gage Measurements

A rain-gage was mounted on a boom extending from the bow of each of the
five BOMEX fixed ships., Consisting of a collector 7.5 cm in diameter and an




attached hose for depositing the collected precipitation into a clear cylinder
graduated to the nearest quarter of a millimeter, the gage was mounted, non-
gimbaled, at deck level about 6 m from the tip of the bow. Cumulative pre-
cipitation amounts to the nearest 1 mm were manually recorded and transcribed
onto surface observation forms every 1.5 hr:

Rainfall estimates were also obtained from a rain-gage network in the
extreme southeast part of Barbados. Use of these data, as well as those ob-
tained with the shipboard gages, is discussed in section 4.

3. WEATHER SYSTEMS AS REVEALED BY RADAR AND SATELLITE PHOTOGRAPHS

A complete sequence of radar ‘and visible and infrared satellite pictures
for synoptic times from June 21 through July 2, 1969, is given in the BOMEX
Period ITI Radar—Satellite Atlas cited earlier. Typical photographs are
presented here to illustrate general weather conditions during the period of
interest, Visible satellite, photographs for all four BOMEX Observation Periods
(May 3 through July 28, 1969) are contained in BOMEX Atlas of Satellite Cloud

Photographs (Myers, 1971).

The 5 days from June 22 through June 26 were largely free of convective-
disturbances. Figures 2 and 3 typify the radar echo and satellite cloud
patterns during these 5 days. Of importance is that most of the cloud cover
in the satellite photograph over the BOMEX square (fig. 3) is not accompanied
by precipitation echoes as revealed by the radar photographs (fig. 2), and
that this cloud cover lies predominantly over the southern half of the BOMEX
square.

Figure 2.-~Composite of surface-based radar photographs
for June 23, 1969, 1630 local time (l.t.},
with BOMEX squave illustrated.




The 5~day undisturbed period was bracketed by two convective disturbances,
a moderate one that moved out of the BOMEX box late on June 21 and a mild one
that moved in late on June 26 and early June 27. This 5-day interval between
disturbances is slightly greater than the mean interval of approximately 3.5
days obtained from data presented by Frank (1970), who identified and cate-
gorized the Atlantic tropical systems for 1969 according to a scheme that
places primary emphasis on synoptic—scale perturbations in the wind and pres-
sure fields. Since conventional radiosonde data and surface observations are
scarce for ocean areas, satellite photographs are of partlcular importance in
identifying such perturbations.

On June 28 an organized convective system entered the BOMEX box from the
east. This disturbance persisted through the mdrning hours of June 29, and
at the time of the radar composite photograph, 0722 local time (1.t.), shown
in figure 4, significant wave features are revealed by both. the radar echo
and the satellite cloud patterns (fig. 5).

Frank (1970) considers two broad categoriés of disturbances, depending
on the main source of energy: (1) those drawihg: primarily on- latent heat,
and (2) those feeding mainly on a baroclinic source of edergy. For example,
the first category includes intertropical convergence zone. (ITCZ) disturbances
and tropical waves, while the second includes upper cold lows, Following
Frank's classification, the disturbances passing the Barbados area on ‘June 21,
June 27, and June 29 were all tropical waves originating over the African
continent. The waves on June 21 and June 29 produced wind shifts at San
Andres, but the wave that passed Barbados en June 27 Weakened .and dlSSlpated
in the Caribbean (Frank, 1970).

- Figure 3.--Enlargement of ATS-3 satellite photograph
for June 23, 1969, 1630 1.t., with BOMEX
square tllustrated.




Figure 4.--Composite of surface-based radar pholographs
for June 29, 1969, 0722 1.%., with BOMEX
square illustrated.

Pigure 5.--Enlargement of ATS-3 satellite photograph
for June 29, 1969, 0779 1.t., with BOMEX

square il Lus trated.




4. ANALYTICAL PROCEDURES

The quantitative data collected with the two surface-based radars form
the primary building blocks for deriving rainfall estimates., Since oanly a
small portion of the BOMEX square (12 percent) was covered by radar measure-
ments at ranges suitable for quantitative gain-step estimates, an alternative
statistical approach was sought for deriving rainfall estimates. A statistical
model of radar echoes was developed (see appendix) to estimate echo area,
height, and rainfall using echo length as the independent variable.

4.1 Analysis of Shipboard Rain-Gage Data

The rain-gage data were used in their raw tabulated form, except in
instances where obvious observer errors were spotted by cross—checking against
the event and radar '"bench" logbooks. Arithmetic averages for the BOMEX box
were computed from the rain-gage measurements made aboard the five ships.
Because of the low gage density represented by this network and since the ac-
curacy of shipboard rain-gage measurements generally are inferior to measure-
ments on land, the results discussed in section 5.3 serve only as a relative
consistency check. The radar and satellite data remain the principal sources
"for deriving quantitative precipitation estimates.

4,2 Calibrations of Surface-Based Radars and Analysis of Radar Data

The approach adopted here for deriving rainfall estimates from radar
intensity measurements is the conventional one of solving the radar equation
and an equation relating the rainfall rate to the equivalent reflectivity
factor.,

The following steps were taken for hardware calibration and overall
calibration and analysis:

(1) Conventional hardware and film calibrations were performed daily
in the field.

(2) A drop-size distribution, based on drop-size data collected at a
location with a climatology similar to that of Barbados, was adopted.

(3) Rainfall estimates derived from measurements made with the island
radar were compared with those obtained from a rain-gage network covering a
- 90-km? area on Barbados.

(4) For a l-hr test on June 18, 1969, between BOMEX Periods II and TII,
while the Discoverer was berthed in Barbados, data collected with the island
radar were compared with measurements made with the shipboard radar for aress
of overlapping coverage.

(5) .Corrections for attenuation due to oxygen, waler vapor, and rain-
fall were derived.

(6) An empirical time-averaged adjustment factor for non-beam filling
for ranges beyond 160 km was calculated.




The field calibrations for the island radar are documented in an ear-
lier publication by Hudlow (1970a). Analogous field calibrations were per-
formed for the shipboard system,

4,2.1 Radar Equation and Drop-5ize Distribution

The average power, ?r, received at the radar antemma from a volume of
precipitation partiecles filling a nonattenuated radar beam is given by

Probert-Jones {1962): o &
3 ,P,G ho?

7 - |7 X 2 )] [ier? %] ’ o

where P, is the transmitted power, G is the antenna gain, h is the pulse width
(distance units), 6 is the beam width, A is the wavelength, and

K= (m2 - 1)/(@ +2)

where m is the complex index of refraction of the precipitation particles,
Zo 1s the target equivalent reflectivity factor, and r is the slant range ‘to
the target. Standard gain-horn measurements were not made during BOMEX.
Antenna gain was computed from the expression given by Probert-Jones (1962),

G = n2/2 . | (2)

The term in the first bracket on the right side of eq. (1)-=-called the
radar constant--depends only on the radar hardware. Solving for Z, from
eq. (1) gives

z = B/ xK]P) - (3

where C (s the radér_constant. Since §E and r are explicitly given by radar
measurements and C and |K[2 are assumed constant for a particular radar, Z,
can be evaluated from eq. (3).

The magnitude of Z, is related to the number and size of hydrometeors
in the pulse volume. Also, the rainfall rate, R, is related to the drop-size
distribution, which depends upon location, rain type, season, and other
factors.

Empirical relationships relating rainfall rate to reflectivity have
been derived from drop-size spectra collected at the earth's surface for
several geographic locations (e.g., Mueller and Sims, 1969). Majuro in the
Marshall Islands is climatologically similar to the Barbados vicinity. The
Marshall Islands relationship given by Mueller and Sims was therefore applied
to the BOMEX radar data:

R = 0.018zeo‘745 y (4)

where R is the rainfall rate in mm/hr, and Zp is .the equivalent reflectivity
factor in mm®/m3,




4,2,2 Overall Calibration Derived From Comparison of Island Radar and Island
Rain-Gage Data )

Rainfall estimates derived from the MPS-34 radar for 5 hr of data from
four storms--one for each BOMEX Observation Period—-were compared with those
obtained from a rain-gage network inside a 90-km? area in the extreme south-
east part of the island (fig. 6). Attenuation from rainfall between the radar
site and the rain-gage network was subjectively estimated to be small during
the periods chosen for comparison. Criteria used for storm selection required
that the storms originate over oceanic areas to the southeast of Barbados and
move in a northwesterly direction over the gage network. Because of ground
clutter interference, it was impossible to evaluate the rainfall attenuation
correction described in section 4.2.4; therefore, only periods with small
intervening rainfall between the radar and gage network were selected for
comparison.

US ARMY
RADAR STATICN

EAST POINT
EnLIGHTHOUSE

BARBADOS

EDGECUMBE

DEEP WATER
HARBOR

9] § 2
SCALE (MILES)

A ISLAND RAIN GAGE NET

Figure 6.--Radar site and vain-gage network
on the island of Barbados.
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Table 2, which summarizes the results of the radar—-gage comparisons,
shows the estimates based on the radar data to be lower than those from the
rain-gage analysis. Certain inaccuracies entering the solution of the radar
equation will normally lead to underestimates, as have been reported by many
investigators (e.g., Jones -and Bigler, 1966), but the exact reason for the
MPS-34 radar underestimates is not known. One likely source of-error is that
eq. (2) gives an overestimate for antemnna gain (sec. 4.2.1).

Since the gage-to-radar ratios are consistent to better than a factor
of 2 for all storms, the radar gain-setting caliibrations reported by Hudlow
(19702) were adjusted for a mean bias of 9 dB in received power. This
corresponds to a factor of 4.7 (the mean of the gage-to-radar ratios) in the
rain-rateé estimates when eq. (4) is used. The threshold values for the gain
settings of the shipboard.radar were adjusted by the same magnitude since a
comparison of data from the two radars for the same echoes did not reveal any
significant differences in intensity measurements.

Other alternatives could have been used for deriving the mean
calibration factor from the data given in table 2. The rms error would be
smaller if a correction factor given by IG,/IR, were applied instead of
[?(G./Ri)]IS. However, the latter has the advantages of giving radar estimates
that“are (1) all within a factor of 2 of the gage estimates, and (2) are close
to those obtained from the linear least-squares model, G, = B+ B,R., where

. . < L1 1'i
the estimator for Gi is taken as the adjusted radar estimates.

Table 2.--Hourly radar rainfall estimates, averaged over the area
oft the Barbados rain-gage network, compared with those
derived from the rain-gage measurements and with the
radar estimates adjusted by the mean gage-to-radar ratio

Rain-gage Radar times mean
Date and time  MPS-34 radar network Gage-to~radar gage-to-radar ratio
(L.t.) : (mm) {mm) ratio (mm) '

May 13, 1969 0.36 2.44 6.78 1.69
0300-0400 '

May 31, 1969 0.38 1.27 3.34 1.79
0400-0500

June 20, 1969 0.53 2.29 4.32 2.49
1500-1600

June 20, 1969 3.32 10.11 3.05 15.60
1600-1700

July 18, 1969 0.25 1.50 6.00 1.18
1300-1400

Total 23.49

[z(6;/r)]/5 =G R - 4.7
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» 4,2.3 Comparison Between MPS-34 ‘arid METEOR-=200 Radsrs

On June 18, 1969, between BOMEX Periods II and III, while the Discover-
er was berthed in Deep Water Harbor, Barbados, continuous gain-step measufre-
ments were made for 1 hr with the MP5-34 and the METEOR-200 radars. Twelve
echoes observed within 160 km of the radar sites were sampled during this
pegiod.

After normalization for differences in radar constants, target ranges,
and system sensitivities, the intensity measurements made with the twe radars
were compared., The results showed no discrepancies greater -than 2 dB which
is within the accuracy of the calibration equipment and procedures, and it
was concluded that the measurements made by the two radars were in agreement.

4.,2.4 Attenuation Corrections

X-band transmissions are susceptible to attenuation by precipitation
and atmospheric gases between the radar site and the target. Rainfall attenua-
tion is of greatest concern,.since (1) the source is highly transient, and
(2) such attenuation can become quite large. Also, for long path lengths in
a tropical atmosphere, attenuation by oxygen and water vapor becomes signifi-
cant.

Attenuation corrections for atmospheric gases can be made relatively
easily, as they depend only on atmospheric pressure and relative humidity,
and approximate data for these two parameters are generally available,

Table 3 contains attenuation wvalues for a meap tropical atmosphere, valid for
use in correcting the BOMEX radar data.

Amending eq. (3) to include an adjustment for attenuation resulting
from rainfall yields

r
Z = (rzﬁ; e2£ vdr

2
yre Ik, (5)
where the éxponential term accounts for liquid-water attenuation, v 1s the
attenuation coefficient (dB per unit distance), and r is the slant range.

Table 3.--Attenuation by oxygen and water vapor for X-band radi-
ation emitted at 0° tilt angle and passing through a
mean tropical atmosphere along various path lengths

Total two-way attenuation
by H20 and 02
(dB)

/ 48 1.4
64 1.9

80 2.3

96 2.8

112 3.2
3.6

4.0

4.3

One-way path to target
(km)

128
144
160
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Theoretically, given the distribution of the attenuation coefficient,
Y, along the path, eq. (5) can be used to solve for Zy. Since y is a func-
tion of the drop-size distribution, and since drop sizes vary with time and
location, a unique y distribution along the path cannot be determined. It
is possible, however, to empirically xrelate y to Z, or R. One such relation-
ship, based on the drop-size distrjbution adopted for this study (sec. 4.2.1),
is

y = 0,012R . (6)

where v is in dB/km and R is in mm/hr. Conceptually, one approach could con-
sist of using egqs. (4), (3), and (6) to derive rainfall estimates, adjusted
for attenuation by liquid water, by starting the solution at the radar site
and proceeding outward; but, as pointed out by Hitschfeld and Bordan (1954),
this can result in larger errors than will occur if no attempt is made to
correct for attenuation. The doefficients in eq. (&4), and to a somewhat
lesser degree, the one in eq. (6), are sensitive. to change in the drop-size
distribution. Relatively small errors in these coefficilents can result in
significant errors in the estimates of R, especially at remote ranges, since
the error accumulates with increasing range from the radar site as the inte-
gration of eq. (5) is performed.

In view of the abové, the following procedure was adopted for process-
ing BOMEX gain-step data:

(1) All initial estimates for R were derived by use of eqs. (3)
and (4), uncorrected for attenuation by ligquid water.

(2) Attenuation adjustments were made to.yield final R estimates,
by first using eqs. (5) and (6), with the array of R's held fixed and
equal to the first estimates, and then by solving for a final set of R's
from eq. (4).

Although this procedure may not compensate sufficiently for the true
effects of rainfall attenuation, it should not result in unrealistically large
corrections, which can result if the R's are adjusted as the integration in
eq. {5) is performed and the estimate for each successively greater range is
based on adjusted values up to that range.

4.2.5 Empirical Adjustments for Non-Beam Filling

Equation (1) is in error when the radar beam is not filled with pre-
cipitation particles. The likelihood of intercepting a representative sample
within the beam decreases as the distance to the target increases, because
the radar beam widens and ascends above the surface of the earth as it travels
away from the radar, until even the tallest storms will no longer fill the
radar beam.

No satisfactory, explicit method exists for determining the degree of
beam filling from individual radar measurements. It is possible, however,
to derive statistics that give the average error caused by nonrepresentative
beam sampling and non-beam filling (hereafter referred to as non-beam
filling). This can be done by either (1) comparing radar with rain-gage data




13

at various ranges, or (2) assuming that for radar data covering .a sufficiently

long period all unexpected variations-with range, observed in the averages for-

that period, are the results of deficient beam f£illing.

Because no suitable rain-gage data existed for deriving the empirical
adjustment, the second method was adopted for the analysis of the 5 days of
undisturbed weather from June 22 through 26. This decision might be ques-
tioned because data were limited.to such a brief period. This period was,
however, free of convective disturbances, and the north-south variations were
found to be approximately equal at all longitudes, indicating homogeneity in
the east-west direction. An assumption implieit in the empirical procedure
described below for applying non-beam filling adjustments is that there is
east—west homogeneity in the average eche amount for the 5-day period, Fig-
ure 7 gives plots of the ratios of the mean echo area at radar ranges greater
than 95 km to those at 95 km for a 65 km wide latitude band lying across the
extreme southern portion of the BOMEX square. As the range increases from
95 km to 290 km, the shape of the curves for both radars similarly show rapid
decreases in the mean echo amounts for the undisturbed perdod. These curves
substantiate the assumption that there is east-west homogeneity in the mean
5=day echo amount.

For the moderately disturbed period on June 28 and 29, non-beam filling
adjustments were not applied to the data. The size and height of the echoes
accompanying the disturbance were quite large (fig. 4); therefore, the geo-
metric features of the significant echoes are thought to be retained out to
far radar ranges (see appendix). The curves in figure 7 for the disturbed
period show that significant decreases in the mean echo amount do not exist
until the range exceeds about 225 km.
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Figure 7.--Ratio of mean echo area at 95 km to that at further radar
ranges for the undisturbed and disturbed periods.
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As discussed by Hudlow (1970a), useful quantitative .precipitation
estimates are difficult to make by conventional procedures from the gain-
step measurements for ranges beyond about 160 km, Quantitative estimates
have been derived from BOMEX data for such ranges by means of the statisti-
cal echo model described in the appendix and the following step-by-step
procedure, which, for the 5-day undisturbed period, incorporates an adjust-
ment ¥or non-beam filling:

(1) Calculate for each surface-based radar, from eq. (A-13) in .the
appendix and the census of echo lengths, the area-averaged rainfall rates
for (a) areas inside the BOMEX box and within 160 km of the radar 31te and
(b) areas inside the BOMEX box but beyond 160 km of the radar.

(2) Compute within each radar umbrella the total precipitation
deposited during the 5-day period over areas (a) and (b), based on the
rainfall estimates derived above.

(3) Determine for each radar the ratio given by dividing the accu-
mulated average precipitation for area (a) by the one for area (b) for the
5-day period.

(4) Adjust the rainfall estimates for individual time increments of
6 hr with these ratios under the assumption that they are approximately
applicable to each 6-hr period within the 5 days.

For the 5-day period, the ratios between accumulated average precipita-
tion for areas (a) and (b) were 5.5 for the island-based radar and 13.5 for
the Discoverer radar. The standard deviations of the daily ratios from the
5-day mean ‘ratios were 1.8 and 6.5 for the island and shipboard radars, re-
spectively. The substantially larger ratio for the shipbeard radar can
partially be attributed to the combination of a larger beam width (1.25°
compared with 1.0° for the island radar) and a shorter radar horizon result-
ing from the lower antenna height, Tle antenna for the shipboard radar was
only about 20 m above mean sea level (m.s.l.), while the island radar was
iocated about 290 m above m.s.l. (Hudlow, 1970a). The shipboard radar also
suffered some beam losses from sea absorption and reflection, because it was
operated normally at a 0° base antenna-tilt angle,

The probable maximum error induced into the precipitation estimates
when following the procedure described here, including adjustments for non-
beam filling, is presented in section 5.5.

4.3 Analysis of Satellite Data

Since no quantitative radar data were available for the northern
50 percent of the BOMEX box, satellite data were used to extrapolate the
rainfall estimates for the southern half to the northern half. The funda-
mental supposition is that the ratios obtained by dividing the average cloud
amounts over the southern half of the BOMEX box into those for the northern
half, for each 6~hr interval, are equal to ratios based on average rainfall
for the same areas and times.
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Cloud amounts were estimated from satellite data, and since these data
are available for the entire BOMEX box, the ratio discussed above derived from
satellite cloud data provides a means of extrapolating rainfall estimates to
the northern half of the box. Both visible and infrared data were used to
estimate the cloud amounts.. The infrared data provided one nighttime obser-
vation each night. Hudlow (1975) describes the procedure used to derive a
nermalization factor that relates the satellite image areas from the infrared
data to equivalent areas from the visible data.

If the cloud types over the entire BOMEX'area were reasonably homoge-—

neous, then the ratios used in the rainfall extrapolation procedure should

be realistic. In any case, since cloud amounts in the northern part of the
" BOMEX box’ were significantly smaller than in the southern, yielding extrapola-
tions in a stable direction, and since 6-hr average ratios over large areas
(50 percent of the BOMEX square) were used, the probable error resulting from
this procedure should remain small, Martin and Scherer (1973) discuss the
accuracy of satellite techniques for estimating rainfall.

5. DISCUSSION OF RESULTS

5.1 Echo-Rainfall Statistics Compared With
Results Obtained by Other Investigators

In this section, comparisons are made between results from BOMEX and
those from (1) an earlier radar investigation conducted in the vicinity of
Barbados and (2) radar studies in the Miami, Fla., region. The latter com-
parison is considered petrtinent since, according to most climatclogical
classifications, Miami is in a tropical regime and has been used as a "test-
ing ground'" for certain sensors and technidques for the GARP Atlantic Tropical
Experiment (GATE). GATE has objectives similar to those of BOMEX, but is an
international effort broader in scope, aimed at covering a greater range of
space and time scales during disturbed and undisturbed weather conditions.

Saunders (1965), who analyzed radar data for several echoes observed
from Barbados, concluded from M-33 radar and island rain-gage data that rates
in excess of ‘100 mm/hr at a point, sustained for as long as a few minutes, are
not extremely rare. This compares favorably with the BOMEX radar data analysis.
For example, from results based on the statistical echo model, described in
the appendix, it can be shown that peak rainfall intensities of about 80 mm/hx
at a point accompany an echo of size D = 55 km, the size echo that produces
the greatest percentage of the rainfall. For an echo of this same size, the
statistical model gives an average rainfall rate over the total echo area of
about one-thirtieth that of the peak, or approximately 2.5 mm/hr. The echo
area given by the statistical model for an echo 55 km in length is about
1,000 km’>. As shown later in this section, echo area depends on character-
istics of the radar hardware; thus, the rainfall rate averaged over the total
area of an echo will wvary with the type of radar. This problem could be
largely overcome if the echo areas were determined at a rain-rate threshold
that the least sensitive radar could measure.
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The statistical model yields a practical upper limit for instantaneous
point rainfall rates- of about 300 mm/hr for an echo 160 km in length, which
corresponds to the largest echo observed during the June 28 and 29 disturb-
ance. This result agrees favorably with the highest l-min rain rates accom-
panying the drop-size distribution observed in Majurc, Marshall Islands, by
Mueller and Sims (1969, p. 39). As explained in section 4.2.1, this drop-
size distribution was adopted for the BOMEX analysis.

Figure 8 shows relative cumulative distributions, giving percentages
of the total precipitation content within an echo that are distributed over
given percents of the total echo area as derived from (1) the BOMEX radar
analysis based on the statistical echo model and (2) the Miami radar analysis.
The Miami curve (fig. 8) is based on points extracted from a curve presented
by Woodley et al. (1971, p. 112), whose analysis was made using TM-10, 10-cm
radar data for a few hundred convective clouds. The BOMEX curve almost en-
velops: the upper points plotted on the scatter diagram used for fitting the
Miami curve. This implies that the spatial gradients of liquid water were
greater and/or that the cores occupied a smaller percent of the total echo
area in the BOMEX than in the Miami radar echoes. . However, part of the
explanation for the difference between the BOMEX and Miami curves is due to
differences in the characteristics of the two radars.

Both curves shown in figure 8 illustrate an important point: a large
portion of the liquid water contained within an echo is distributed over a
small portion of the echo area. Only 30 percent of the echo area contains
90 percent and 80 percent of the precipitation content for the BOMEX and
Miami echoes,respectively. This result stresses the need for careful design
of the meteorological sampling and the importance of collecting radar data
in other large-scale experiments, such as GATE.

Woodley et al. (1972) and Martin and‘'Scherer (1973) suggest that radar
statistics can be used as calibration and transformation links for estimating
rainfall from satellite data. One statistical relationship that could be
used as a transformation function tec relate satellite image data to rainfall
estimates is a curve of rainfall amount versus echo area. Based on compari-~
sons of radar and satellite patterns, a statistical regression relationship
can be derived that relates selected features from the satellite pattern to
an estimate of the equivalent radar echo area within the satellite cloud
image. This estimated echo area is then used to find a rainfall estimate from
the echo—area, rainfall curve.

Figure 9 shows a comparison of echo-area, rainfall curves derived from
BOMEX and Miami radar data. The Miami curve is based on points extracted
from a curve presented by Woodley et al. (1972, p. 21). The BOMEX curve,
which was derived -from the statistical echo model, was adjusted for differences
in the characteristics of the MPS-34 and UM-10 radars. Byers (1948), who
correlated echo area with rainfall from Florida thunderstorms, was one of the
first to point out that the magnitude of echo area, as well as other geometric
characteristics of echoes obtained from radar measurements, 1s dependent on
the hardware characteristics of the radar. This is apparent from inspection
of the radar equation (1), which shows that the power returned to the radar
(signal strength) is a function of several hardware characteristics: Pg, G,

!
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h, 6, and A. Table 4 gives differences expressed as decibels for several

factors that affect the sensitivity of the MPS-34 and UM-10 radars, the MPS-34
being the more sensitive of the two. ‘

The difference between the radar constants of the two radars as shown
in table 4 was derived by using a simplified formulation of the radar constant

which includes only those parameters that vary with the radar characteristics.
The difference formulation can be expressed as

[~ 2.2
(P . t/2"67)
A(dB) = 10 log '-—E“——E—TMPS—34
(P t/A78%) »
| Tt UM-10 )

| i -6 2 .2
= 10 log (180x5x10_6)/(3.§ x; Mz
| (450x2x10 7)/(107x27)

where P, is the transmitted power, T is the pulse duration (time units), X is
the wavelength, and 9 is the beam width. The numerator and denominator terms
are for the MPS-34 and UM-10 radars, respectively.

The difference in decibels shown in table 4 that stem from different
normalization ranges is given by

r 2
10 log (;gél)
34

2
10 log (igi) =7 R

A(dB)
(8)

It

80

where r and rq, are the normalization ranges in kilometers applied to the
UM-10 and MPS-34 radar data, respectively.

By usiﬁg eq. (A~1) in the appendix, it is possible to estimate the loss
in echo area that would result from a reduction of 28 dB in the sensitivity of
the MPS-34. Taking logarithms of both sides of eq. (A-1), multiplying through
by 10, and solving for A, gives

® -7 )
A = ro Tm (9)
eon 2 ?
100b '

where Ay, is the echo area for maximum sensitivity (gain), and Pyy corresponds
to the threshold power at the periphery of the echo. Pyo and Prpy are express-—
ed in decibels with reference to 1 mW (dBm). Applying eq. (9), we can express
the ratio of the echo area after the 28-dB reduction in sensitivity to the
initial echo area as

¢ 77%,_)°
Areal ratio = — . (10)
(105-P )
rm
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Table 4.--Differences between factors affecting the sen-
sitivity of the MPS-34 and the UM-10 radars

Difference between MPS-34

Factor and UM-10 radars
(dB)
Minimum detectable signal of receiver 5
Radar constant 16
Range normalization 7
Total : 28

Equation (10) was used for a series of echo sizes to derive the areal
adjustments applied to the BOMEX curve in figure 9. Following these adjust-
ments, the BOMEX curve differs by a factor of 4 from the Miami curve at the
closest points (factor of 2 from the 2¢ curve). Part of the explanation for
this residual disagreement might be due to remaining unknown differences
resulting from the dissimilar radar characteristics of the two radars or per-
haps from intrinsic errors in the statistical model. Based on the error
analysis presented in section 5.5, errors accompanying the X-band rainfall
estimates, including those due to attenuation, are unlikely to be as large as
a factor of 4., A logical conclusion is that there are significant differences
between the BOMEX and Miami samples because of precipitation morphology. The
Florida echoes are over land, and their structure is influenced by a convec-
tive regime forced by peninsula sea breezes, while the BOMEX echoes are for
tropical oceanic convection in a trade-wind regime predominantly outside the
intertropical convergence zone. :

The curves in figure 9 are based on echo areas and rainfall amounts
pertaining to echo entities. Implicit here is that the size (length) of an
echo generally increases as the echo area increases. Figure 10 contains
relative frequency histograms of echo lengths within 8 km class intervals
for the disturbed and undisturbed periods of BOMEX Period IIT.

5.2 Space and Time Variations of Cloud and Echo Amounts

The time plots of cloud amounts derived from satellite data shown in
figure 11 indicate consistently greater cloud coverage over the southern half,
except ‘at the very beginning of the period. The north-south differential in
cloud amount is greatest during the 5 undisturbed days from June 22 through 26.

Both island and shipboard radar data were used in deriving figure 12,
which shows the percent of areas within the BOMEX box covered by radar echo
for 6-hr intervals during Period III. Non-beam filling adjustments were ap-
plied to the data for the 5-day undisturbed period by the empirical procedures
described in section 4.2.5. The results in figure 12 do not reveal any east—
west biases or differences that remain consistent throughout Period III. For

‘the first 2 days of the period, a larger percent of echo coverage is observed

with the island than with the ship radar, from which it can be inferred that
echo amounts in the southwest quarter of the BOMEX box were larger than in
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the southeast quarter during these 2 days. This finding correlates with the
shipboard rain-gage measurements, which show that significant rainfall was
recorded on June 22 (seec. 5.3) aboard the Mt. Mitchell at the southwest cor-
ner of the BOMEX square.

The comparatively large echo coverage observed by the island radar from
midday of June 25 to midday on June 26 is the result of numerous small echoes
rather than larger organized ones. Because echo size and rainfall are direct~
ly and nonlinearly related in this study through eq. (A-13) in the appendix,
the rainfall estimates for the June 25 to 26 time periocd remain relatively
low. Conversely, a few large echoes between 2200 1.t, on June 26 and
0400 1.t. on June 27 produced a measurable rainfall increase although there
was not a proportional increase in total areal echo coverage.

Both the time plots of echo coverage presented here and the time plot
of rainfall amount in section 5.4 show cyclic diurnal variations for the un-
disturbed days. Hudlow (1970a, 1970b, and 1975) has shown, using BOMEX radar
data, that the mean diurnal variation of echo amount during undisturbed
periods gives a maximum of echo activity around 0300 to 0400 1l.t. and a broad
minimum during the early afternoon hours. Hudlow (1970b) has further shown,
based on a sample of 17 disturbed days, that mean diurnal variations in echo
activity are not as pronounced for BOMEX disturbed conditioms.

5.3 Shipboard Rain-Gage Analysis

The results of the analysis from the shipboard rain-gages are plotted
in figure 13. These values are accumulated amounts for the 3 hr immediately
preceding the abscissa times, and are shown as ratios relative to the values
for June 21 from 1400 to 1700 l.t. Zeros and traces are omitted from the
-plot, and no data were missing except during the indicated calibration period.

The results from the rain-gage analysis support the description of the
weather systems presented in section 3, revealing relatively quiescent condi-
tions during practically the entire 5—-day undisturbed peried, with increases
in convective rainfall just before and immediately after this period and with
relatively disturbed conditions on June 28 and 29, Figure 13 also is quite
consistent with the radar time plot of rain rate presented in section 5.4.

5.4 "Best Estimates" of Rainfall Amounts

The results from the quantitative precipitation analysis, as derived
from radar and satellite data using the statistical echo model and other pro-
cedures outlined in section 4, are summarized by the bar graph in figure 14,
showing average rainfall rates over the entire BOMEX box for 6-hr intervals.
As seen in this figure, the average rainfall rate for the undisturbed pericd,
June 22 through 26,is approximately 0.35 mm/day and the greatest 24-hr total,
which is about equal on both June 25 and 26, is estimated at 0.5 mm. The
average rate for the moderately disturbed period between 1000 1.t. on June 28
and 1600 1.t. on June 29 is approximately 5.5 mm/day, or more than an order
of magnitude greater than during the undisturbed period. Daily rainfall esti-
mates for each half of the BOMEX square as well as for the entire square are
given in table 5.
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Table 5.--Daily rainfall estimates for the BOMEX square

Date Local time Southern North/south Northern BOMEX
(1969) (1.t.) half = tellite ratio half square
e (mm/ day) (mm/day) {mm/day)

June 21-22 2200-2200 0.21 1.15 0.25 ' 0.23

June 22-23 " 0.27 0.17 0.05 0.16

June 23-24 " 0.51 0.23 0.11 0.31

June 24-25 " 0.74 0.39 0.28 0.51

June 25-26 " 0.72 0.40 0.29 0.51

———————————————— Calibration day - - ——————
June 27-28 2200-2200 2,48 0.65 1.61 2.05
June 28-29 " 5.93 0.80 4.70 5.32

Based on the above results and on the confidence limits discussed in
section 5.5, and assuming that the evaporation rates do not exceed about
7 mm/day, it is concluded that the period from June 22 through 26 can be used
for atmospheric water budget analysis with errors not exceeding 25 percent in
the daily evaporation estimates and 12 percent in the estimate for the entire
5-day period. This finding does not necessarily apply to the disturbed period,
since the rainfall estimates and the expected evaporation rates are. comparable
in magnitude, and the same percentage errors in the rainfall estimates can
produce unacceptably large errors in the water budget analysis. These errors,
and the consistency between.the precipitation and water budget analysis, are
examined more closely in the next two sections.

5.5 Probable Confidence Limits

The estimates given in the preceding section are subject to errors
inherent in the rainfall derivations. Sufficient data are not available to
precisely establish the magnitude of the errors, but based on results from
other studies and by considering factors unique to BOMEX, it is possible to
ascertain mean lower and upper confidence limits for the estimates.

From results reported by other investigators (e,g., Wilson, 1970;
Borovikov et al., 1970), Hudlow (1975) concludes that if certain standard
operational conditions are met, errors in radar estimates, on the average,
can be held to less than a factor of 2. This finding applies to areal
averages over a few hundred square kilometers and to integrated storm amounts
of 1 mm or more. The following conditions give this degree of accuracy:

(1) Equipment capable of stable and reliable measurements.
(2) Suitable calibration, sampling, and processing procedures.
(3) Areas of measurement restricted to ranges of less than 150 km.

{(4) Small rainfall attenuation.

(5) Seasonal adjustment applied to the radar data based on a
comparison with drop-size and/or rain-gage data.
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Thus, under optimum conditions the BOMEX radar estimates may be in error by a
factor of 2, but the error may be greater because of specific circumstances
surrounding the BOMEX radar program, which precluded strict adherence to all
five conditions cited sbove. Potential additional sources of error for BOMEX
are

(1) .Attenuation by liquid water not accounted for with correctionm.
(2) Inaccuracy of the statistical echo model.

(3) Inadequacy of non-beam filling adjustments.

(4) Uncertainty from extrapolation via satellite data.

Hudlow (1975) uses variability and frequency analyses to estimate maximum
additional error that may arise from these four sources. Since the quality
and completeness of the radar coverage is not the same for all portions of
the BOMEX area, the error analysis was stratified as listed in table 6.
Fipure 153 shows the relative fraction of the BOMEX area covered by radar at
ranges of less than 160 km (A + A,) and greater than 160 km (A3 + A4), and
by satellite only (Ag).

SHIP RADAR

Figure 16.--Schematic illustrating the portions of the BOMEX
square covered with radar measurements, for
ranges inside and outside 160 km, and the por-
tion covered only by satellite measurements.
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Table 6.--Summary of confidence limits for radar rain-
fall estimates, expressed as error factors

Average confidence

Subsecti of p
tons limits under "standard

Upper limits for BOMEX conditions
5-day undisturbed and

‘to thé northern half.

BOMEX area operational conditions™ Daily. 2-day disturbed periods
Less than 160 km

radar range 2.0 - 2.4 2.0
Southern half 2.0 3.3 2.0
Entire BOMEX square 2.0 5.0 2.5

The numbers in table 6 give the average error (2.0) under the standard
conditions described above, and the error that, in the worst -case, can accom-
pany the daily and period estimates for various portions of the BOMEX square.
For example, daily rainfall estimates for the southern half of the area are
expected to be in error, on the average, by a factor of 2.0, The estimate for
a specific day could be in error by a greater or lesser amount, but should not
exceed a factor of 3.3 for the estimates over the southern half.

As seen in table 6, the probable upper limit of the error is higher for
the daily estimates than for the entire period, primarily because the under-
lying assumption in the procedure used to adjust for non-beam f£illing (sec. 4.2.53)
is less valid for shorter time periods. The reason for the markedly higher upper
limit for the entire BOMEX square compared with the southern half lies in poten-
tial errors associated with the procedure for using satellite data (sec. 4.3)
to extrapolate the radar coverage over the southern half of the BOMEX square
The relative error is the same for both disturbed and
undisturbed periods, although one might expect a higher upper limit feor the
disturbed period since errors stemming from liquid-water attenuation can in-
crease with greater rainfall rates. However, as discussed by Hudlow (1975),
relative errors from other sources (especially non-beam filling) decrease
during the disturbed period, compensating for the increase in error caused by
liquid-water attenuation. :

The base error factor of 2.0 applies, as stated earlier, to areal avexr-
ages over a few hundred square kilometers. The fact that the BOMEX analysis
covers an area thousands of square kilometers may, therefore, lower this
factor.

5.6 Comparison of Precipitation and Atmospheric Water Budget Analyses

Although the confidence limits discussed in the preceding section are
based on a logical but somewhat discretionary analysis scheme, the true error
in any of the estimates should not exceed the upper limit given in table 6.
It may be less, but how much less can be determined only by comparison with
independent data.
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One of the.principal reasons for deriving the quantitative precipitation
estimates given in section 5.4 is to assess the precipitation term in the water
budget equation (Rasmusson, 1975), making it possible to solve for evaporation
from the ocean surface. In another application of the budget equation, precip-
itation can be derived by independently estimating evaporation from a bulk aero-
dynamic equation. Some of Rasmusson's results are shown in table 7, where E is
evaporation, P is precipitation, and C_ is the drag coefficient used in the
aerodynamic model, 4

Table 7.--Comparison of water budget residugls and precipitation estimates

. 5-day 2-day .
Term Derivation method ungiizgzbed digigzzed
. (mm/day) (mm/day)
(E-P) Budget residual: assumé Fus00=0 ' 7.1 3.7
E Bulk aerodynamic: assume Cq=l.24x10_§ 7.4 7.7
P Budget analysis 0.3 4.0
P Radar—-satellite analysis n 0;3 3.7

As seen in table 7, there is excellent agreement between the precipita-
tion estimates obtained by the budget and radar-satellite analyses. As Rasmusson
points out, the validity of the assumption Fysgg = O (zero subgrid-scale flux
in water substance through the top of the BOMEX box) becomes ‘questionable during
disturbed periods. Since it is also expected that the absolute magnitude of the
error in the radar-satellite estimates will increase under disturbed conditions,
the good agreement shown in table 7 may bé coincidental, but, in view of the
results presented in this report and those discussed by Rasmusson, it is likely
that the error contained in the rainfall estimate derived from the radar-satellite
analysis for the disturbed period is significantly less than the upper limit.
given in table 6,

6. CONCLUDING REMARKS

Radar, satellite, and rain-gage data have been used in describing the
precipitation moxrphology for 5 undisturbed days (June 22 through 26) and 2 mod-
erately disturbed days (June 28 and 29) during BOMEX Observation Period III.

The average cloud and echo amounts were found to decrease with increasing lati-
tude. No mean east-west variability was detected. . Estimated average rainfall
over the BOMEX square during the entire undisturbed period was ~0.35 mm/day, with
the largest 24-hr total (on both June 25 and 26) being 0.5 mm. The average pre-
cipitation rate for a 30-hr disturbed period on June 28 and 29 was ~5.5 mm/day,
or more than an order of magnitude higher than during undisturbed conditioms.

Based on the small magnitudes of precipitation during the 5 undisturbed
days, considering the confidence limits placed on the rainfall estimates
(sec. 5.5), and assuming the evaporation rate does not exceed ~ 7 mm/day, we
can conclude that the undisturbed period from June 22 to 26 can be used for
atmospheric budget analysis, with errors in the evaporation estimates, which
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originate from errors in the estimated precipitation, not exceeding 25 percent
in the daily estimates and 12 percent in the estimate for the entire period.
Since the rainfall and expected evaporation rates are comparable in magnitude
for the disturbed conditions on June 28 and 29, the maximum absolute error in
the rainfall estimates, as given in table 6, could produce unacceptably large
errors in the water budget analysis. However, from independent evaporation
estimates computed with the bulk aerodynamic model and from precipitation de—
rived from the budget residual, one can conclude that the errxoxr in the pre-
cipitation estimate for the disturbed 2-day period must be relatively small
compared with the confidence limits given in table 6,

In addition to their application in precipitation computations for
atmospheriec budget analysis, the BOMEX radar data have been used here for
several statistical studies. Conclusions drawn from these studies, some of
which are significant for the planning of further tropical experiments, in-—
clude the following:

(1) The echo-area and rain-rate time plots for undisturbed days show
cyclic diurnal variations with maximum echo activity often observed around
0300 to 0400 1.t. and a minimum during the early afternoon hours.

(2) Much of the liquid water (80 to 90 percent) contained within a
tropical convective echo at an instant in time is distributed over a small
portion of the echo area (30 percent). This finding stresses the necessity
for careful design of meteorological sampling and the importance of good
radar coverage in tropical oceanic experiments.

(3) The average precipitation accompanying tropical convgctive echoes
is highly correlated with the size (length) of the echoes. Since echo area
is directly related to echo length, rainfall amount is proportional to echo
area,

(4) Caution must be exercised in using empirically derived transfer
functions to relate rainfall rate to the geometric characteristics of the
echo, since the empirical relationship may change significantly with different
sensors and under different meteorclogical conditions. The relationship
should be derived for echo entities bound by a rain-rate threshold that is
detectable by the various sensors. If this is not possible, a technique like
the one described .in section 5.1 can be used as a first approximation to ad-
just for effective changes in sensor sensitivity. When this technique was
used to normalize for dissimilar system characteristics between the BOMEX
MPS5-34 and the Miami UM-10 radars, a large offset remained between the rain-
rate, echo-area curves, This is not too surprising, since the convection
morphology in the two areas may differ appreciably, but it does emphasize
that a transfer function derived for use with, for example, satellite rain-rate
techniques should be verified with radar data collected during the same time
span -and within the same locality.

The greatest deficiency in the BOMEX precipitation analysis stems from
the incomplete coverage of the BOMEX square by quantitative radar measurements.
This deficiency was partly overcome at the expense of increasing the probable
error of the estimates, through extension of the radar data to far ranges by
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using a statistical model of radar echoes and an empirical adjustment for nomn-
beam filling, and by using satellite data to extrapolate over areas not cover-
ed by radar. In subsequent tropical experiments, the complete experimental
area should be covered with guantitative radar measurements. Ideally, the
radar network should consist of radars with 5-cm or longer wavelengths and
1.75° or smaller beam widths. A sufficient number of radars should be avail-
able to cover the experimental area, with the radars spaced no further apart
than about 175 km.
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APPENDIX

Statistical Model of Precipitation Echoes

Background and Objective

A quantitative statistical model that describes the vertical extent, the
horizontal intensity distribution, and the areal coverage of a radar echo,
using a one-dimensional geometric parameter of the echo as the independent
variable, has been developed from BOMEX radar data (Hudlow, 1971). The model
provides a method for deriving precipitation estimates for the BOMEX box for
.areas and times when only maximum gain data (no gain-stepping) are available.
It can also be used for deriving quantitative precipitation estimates at
ranges exceeding 160 km from the BOMEX radars, ranges for which meaningful
gain~-step measurements are unlikely (Hudlow, 1970a). Only 12 percent of the
BOMEX experimental area was covered by radar measurements at these ranges
(fig. 15, sec. 5.5)

The validity of applying the echo model to extend the useful range of the
BOMEX radar data can be inferred from the mean preofiles of echo area versus
height shown in figure A-1. The three vertical profiles correspond to three
classes of echoes: (1)} echoes less than 15 km in length, (2) echoes between
15 km and 30 km in length, and (3) echoes with lengths exceeding 30 km. The
mean profiles illustrate that echo area, and thus echo length, tends to remain
essentially constant with altitude in the lower troposphere, as 1s also shown
by mean reflectivity profiles for intense New England thunderstorms presented
by Donaldson (1961).
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FPigure A-1,--Average profiles depicting echo area versus altitude
above sea surface for three classes of echo sizes.
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If the area of an echo is greater than any abscissa value given in fig-
ure A-1, the supposition that representative measurements of the echo area or
length can be made up to beam altitudes given by 2, is justified, e.g.,

2,600 km? for Z = 6.0 km. Assuming standard atmospheric refraction and a base
antenna-tilt angle of 0°, the center of the radar beam is 6 km above the sur-
face of the earth at a range of 320 km.

As shown later, the maximum dimension (length) of a radar echo, recorded
at the base-tilt angle, constitutes a significant estimate of other echo param-
eters. Kessler (1965) recognized the importance of radar echo statistitcs for
parameterizing the morphology of mesoscale precipitation, and stresses echo
length as an important statistic.

Echo length was selected as the independent variable in the regression
equations presented below and a computer algorithm was designed to scan digi-
tal radar data and estimate the length of each radar echo. An alternate choice
would have been to use echo area as the independent variable, since a highly
significant correlation exists between echo area #nd echo length for the BOMEX
data set.

Data Analysis

Sixty-two radar echoes make up the statistical sample selected from data
collected on May 29, during 7 days in June, and on July 1, 1969. The 62 echoes
were all observed within 150 km of the radar site (average range to echo cen-
troids = 100 km), with echo sizes varying in length from 6.5 km to 250 km.

The echo parameters for the sample were derived manually from photographic
prints using grid overlay and graphical techniques. Echo entities were iden=-
tified as consisting of continuous echo area (no breaks).

The maximum power returned to the radar from the Intensity peak within an
echo, Py, was estimated by plotting the power corresponding to each gain
threshold (in dBm) versus the square root of the echo area persisting at that
threshold and extrapolating a straight-line relatiomship to zero area. When
the value for ?}m derived in this manner exceeded a threshold setting of power
for which echo was not observed to persist, it was assumed equal to the thresh-
old setting. Corrections were made for range attenuation (1/r2) and for
atmospheric and rainfall attenuations (sec. 4.2.4).

The altitude of echo summits and the echo area at specific altitudes were
derived from sequences of data collected at several antenna-tilt angles, spaced
at 1/2° increments; corrections for earth curvature, beam width, and standard
atmospheric refraction were applied. Constant-altitude plan views were manu-
ally constructed by superimposing finite range increments from photographs
taken at several antenna—tllt angles.

Conventional least-squares techniques were used in the regression analyses.
Geometric and exponential models were selected, and frequency histograms of the
logarithmically transformed variables were examlned for normality. Chi-square
and Cornu tests for normality were run on the logarithm of echo lengths and the
maximum powers (in dBm). The null hypothesis of normality was accepted for
both distributions.
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Mathematical Development

An exponential expression relating the spatial distribution of power re-
turned from an echo to the length of the echo was formulated. The exponential
model relates threshold received.power, Priy, to the square root of the echo
area, vYAgzi , persisting at gain threshold i,

P.=F 10 Pei
Trli rm

. (4-1)
The intercept, f}m, and slope, b, are found to correlate closely with echo
length. Equation (A-1) is illustrated in figure A-2, which, In hydrologic
terminology, can be referred to as a depth—area curve.

Equation (A-1) is similar to echo models reported by several other inves-
tigators (e.g., Holtz, 1968; Altman, 1970). Huff (1968), using rain-page data
from a 1,000—km2 network, concluded that a logarithmic square-root relationship
frequently approximates the depth-area distribution of storm precipitation for
storms of short duration. While the functional form of eq. (A-1) can be shown
to hold for a wide wariety of convective conditions, the Pyy and b coefficients
will not only vary as a function of echo size, but may vary for a given echo
with stage of develbpment, synoptic condltlons, geographic locatlon, and radar
- characteristics.

Least~squares analyses gave the fellowing regression equations:

P =5.63x10"028 | o =071 (A-2)
rm
b = 3,750 077 , p=0.94 (A-3)
. 1.44 _
A, = 2.95D , p =095 |, (A-4)
h = 5.88 log D-1.56, p = 0.8% | (A-5)

where D is the echo length (km), Ay, is the echo area (kmz) at the maximum
receiver gain setting, h is the summit height of an echo (km), and p is the
correlation coefficilent.

From eqs. (3) and (4), and using the MPS-34 radar constant and normalizing
to a range of 80 km, we obtain

= 1.802x10° . y0-743 (A—6)

where R is rainfall rate (mm/hr) and P is returned power (mW). Substituting
"(A-2) for Pr in (A-6) gives :

R_-= 0.7207 18 (A-7)

where Ry is the maximum point instantaneous rainfall rate (mm/hr) within an echo.
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Figure A-2.--Hypothetical schematic of multicore radar echo

with length D (top). Hypothetical plot of
the square root of the radar echo area per-
sisting at a threshold , i, versus the thresh-
old power measured by the radar (bottom).
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The rainfall rate averaged over a horizontal slice Ehrough a radar echo

is given by
o )
R = f R dA f da_ . (A-8)
e e e
- A -
2o eo

Substituting (A-6) and (A-1) in (A-8) gives

o] Q
K. = 1.802x10° f 7 0.745 1(=0.745bVA, dA/f A, (A-9)
e rm e e
A A
eo eo
Analytical integration of (A-9) yields
5 = 0.745
_ 2.1x107 P 0.583 ( ~0.745b7E;
R = 1 - 10 feo
e bA b '
eo
L : - VA - 10‘0'745b‘Ae0] . (A-10)

Equation (A-10) can be reduced to a geometric function by plotting solu-
tions for Ra for various D's as a straight line on logarithmic paper. The

resulting equation is

R, = 0.o13pt°3 | (A-11)

which gives the rainfall rate averaged over the area of an echo in mm/hr. The
rate of rainfall averaged over any geometric area is given by

N
. =(jil Re (1) Aeo(j))/ A (4-12)

where N is the number of echoes in the area, A. Substituting (A-4) and (A-11)

into (A-12) gives .
D_2'75)/A . (A-13)
1 J

Equation (A-13) is for an instant in time, and the effect of echo dura-
tion as a function of echo size is not considered. The 2.75 exponent is
reasonably close to what one would expect, for example, for hemispherical or
cylindrical echoes with homogenous liquid-water concentrations and mean verti-
cal velocities that are linearly proportional to the heights of the echo
summits.

R = (0.038

™=

3
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Model Tests

Equations (A-4), (A~-11), and (A-12), which are the ones used in deriving
the rainfall estimates presented in section 5.4, were tested by comparing
these estimates to those obtained directly from digitized gain-step data.
Independent verification of the model could best have been accomplished by
comparison with Barbados rain-gage data. This was not feasible because the
extent of the sea-land clutter prevented observation of entire echo entities
at ranges closer than about 50 km. Using gain-step data for model
verification is considered adequate, since an overall calibration was derived
by comparing radar rainfall estimated directly from gain-step data to
Barbados rain-gage data (sec. 4.2.2). -

In figures A-3 and A-4, the model estimates of echo area and rainfall
rate are compared with those obtained directly from the digitized gain-step
data for 12-hr undisturbed periods on June 22 and 26. The areal estimates
are instantaneous,, while the rain-rate estimates are 6-hrx averages, and both
are for a 7,750~km” area within 150 km of the island radar. Figures A-5 and
A-6 are analogous to figures A-3 and A-4, except that they,are for a
moderately disturbed period on June 29 and for a 30,000-km~ area.

Figures A-3 and A-5 show that the model estimates of echo area will
result in negligible errors for 6-hr averages. The average difference in the
6-hourly rain rates from the statistical model and the digitized gain-step
data, shown in figures A-4 and A-6, is about 30 percent.

Table A-1 contains comparisons of the echo areas from shipboard radar
data inside the BOMEX square based on {a) eq. (A-4) and (b) areal integration
from digitized data. The 6-hr periods on June 23 and 26 are for undisturbed
weather conditions; the periods on June 28 and 29, for moderately disturbed
activity. The percent difference between the estimates from the model and
the digitized gain-step data is consistently small, which justifies use of
the model, developed from the island radar data, with the shipboard radar data.

Table A-7.--Estimates of echo areal coverage
from shipboard radar data

Area (kmz) Percent difference
Date Local time (a) model (b) observed I(o - m)/ol x 100
June 23 0200-0800 559.24 672.85 16.9
June 26 0800-1400 72.35 89.68 19.3
June 28 0200-0800 4,110.41 5,030.94 18.3
June 29 0200-0800 12,154.47 10,446.82 16.3

Although errors accompanying the use of eq. (A-13) can be large for an
instant in time, its use with BOMEX radar data is adequate for purposes of
this study, since the integration time is long and the area, A, is large.
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